Owing to the presence of multidrug resistance in tumor cells, conventional chemotherapy remains clinically intractable. To enhance the therapeutic efficacy of chemotherapeutic agents, targeting strategies based on magnetic polymeric nanoparticles modified with targeting ligands have gained significant attention in cancer therapy. In this study, we synthesized transferrin (Tf)-modified poly(D,Llactic-co-glycolic acid) nanoparticles (PLGA NPs) loaded with paclitaxel (PTX) and superparamagnetic nanoparticle (MNP) using a solidin-oil-in-water solvent evaporation method, followed by Tf adsorption on the surface of NPs. The Tf-modified magnetic PLGA NPs were characterized in terms of particle morphology and size, magnetic properties, encapsulation efficiency and drug release. Furthermore, the cytotoxicity and cellular uptake of the drug-loaded magnetic PLGA NPs were evaluated in both MCF-7 breast cancer and U-87 glioma cells in vitro. We found that Tf-modified PTX-MNP-PLGA NPs showed the highest cytotoxicity effect and cellular uptake efficiency under Tf receptor mediation in both MCF-7 and U-87 cells compared to unmodified PLGA NPs and free PTX. The cellular uptake efficiency of Tf-modified magnetic PLGA NPs appeared to be facilitated by the applied magnetic field, but the difference did not reach statistical significance. This study illustrates that this proposed formulation can be used as one new alternative treatment for patients bearing inaccessible tumors.
Introduction
With the advent of novel chemotherapeutic drugs, chemotherapy has been widely used to inhibit tumor growth and metastasis in cancer patients [1, 2] . For instance, paclitaxel (PTX) is a mitotic inhibitor and is used to treat a variety of solid tumors involving the brain, breast, lung, bladder, and ovary [3] [4] [5] [6] [7] . However, the potential of these novel drugs is often limited by the severe toxicity imposed on normal tissues of the body resulting from their systemic delivery and the multidrug resistance (MDR) in tumor cells that can extrude drugs using transporter proteins [8, 9] . The use of biocompatible and biodegradable poly(D,Llactic-co-glycolic acid) nanoparticles (PLGA NPs) as a drug delivery system has been widely investigated for various biomedical applications, particularly for cancer treatment [10] . PLGA NPs are advantageous in terms of their sustained release property, protection of the drug from degradation and well-described formulations to deliver various therapeutics with favorable drug release profiles [11, 12] . PLGA NPs are not affected by cell membrane-associated efflux transporters since the drug is well encapsulated. It is expected that these NPs could escape the efflux action of these transporters and lead to greater cellular uptake than free drug formulations. In addition, once the NPs enter cancer cells, intracellular release of the drug in a controlled manner can preserve the drug effect and improve the therapeutic efficiency.
Magnetic nanoparticle (MNP) can become magnetic in a magnetic field and lose this magnetism after the magnetic field is removed [13] . Although this form of the superparamagnetic property has been extensively exploited in bio-imaging, chemotherapeutic drugs can also be directed toward a specific tis-www.nature.com/aps Cui YN et al
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sue by applying a magnetic field [14, 15] . Thus, the incorporation of MNP into PLGA NPs can enhance the delivery of drugs to a target site in the body while reducing systemic toxicity and increasing drug efficacy [16] . In addition, the conjugation of targeting moieties, such as peptides, proteins and aptamers [17] [18] [19] , to polymeric carriers could offer an effective approach to target drugs to tumor cells [20] . Transferrin (Tf), an iron-binding plasma glycoprotein, is crucial for the cellular transport of iron mediated by cell surface Tf receptors, and such receptors have been found to be overexpressed in proliferating cancer cells compared to normal tissues. Cell surface Tf receptors can bind diferric Tf (holo-Tf) with high affinity, and Tf-modified PLGA NPs can be internalized through receptor-mediated endocytosis [21] . The aim of this study is to explore the feasibility of drugand MNP-loaded PLGA NPs modified with Tf to enhance cellular uptake and improve therapeutic efficiency in cancer cells. PTX was selected as the model antiproliferative drug to load into PLGA NPs. PLGA NPs were synthesized and characterized in terms of particle morphology and size, magnetic properties, encapsulation efficiency and drug release. Unlike previously developed Tf-conjugated PLGA NPs [22] [23] [24] [25] , here, we have employed an adsorption technique for the functionalization of NPs without covalent grafting. Finally, the cytotoxicity and cellular uptake of the drug-loaded PLGA NPs were evaluated in vitro in MCF-7 breast cancer and U-87 glioma cells. Preparation of oleic acid-modified magnetic nanoparticle (OA-MNP) MNP was prepared with reference to the protocol reported in the previous work [26] . Briefly, FeCl 3 (8 mL, 1 mol/L), Na 2 SO 3 (1.5 mL, 1 mol/L) and NH 3 •H 2 O (5 mL, 28%-30%) solutions were added to 100 mL of deionized water and heated with stirring under nitrogen at 70-80 °C for 30 min. While heating, 0.33 mL of OA was added to modify the surface of MNP with OA before further incubating the mixture at 80 °C for 50 min. The temperature was then raised to 110 °C to evaporate excess ammonium hydroxide and water. Finally, HCl was added to precipitate the MNP. The oleic acid-modified MNP (OA-MNP) was removed from the solution using a magnet, washed repeatedly with acetone and deionized water and lyophilized to obtain the powder.
Materials and methods

Materials
Preparation of PTX-and MNP-loaded PLGA NPs (PTX-MNP-PLGA NPs) PTX-and MNP-loaded PLGA NPs (PTX-MNP-PLGA NPs) were prepared according to the protocol reported in previous studies [27, 28] . Briefly, 20 mg of PTX and 100 mg of PLGA were dissolved in 1 mL of DCM. Varying amounts of OA-MNP were added to the solution, and the mixture was sonicated using a microtip probe sonicator (VC 505, Sonics & Materials, Inc, Newtown, CT, USA) at 25% amplitude for 1 min. Following that, the mixture was combined with PVA (2 mL, 2% or 4% (w/v) in water) and sonicated for another 1 min. After that, the mixture was dropwise added into more PVA solution (48 mL, 0.05% (w/v) in water) and stirred for 24 h to ensure complete evaporation of the organic solvent. The samples were washed repeatedly with deionized water and lyophilized. CM-and MNP-loaded PLGA NPs (CM-MNP-PLGA NPs) were also prepared in a similar manner by loading 0.05% (w/w) CM in PLGA. MNP-loaded PLGA NPs (MNP-PLGA NPs) were also synthesized in a similar manner without the addition of any drug.
Preparation of Tf-modified PTX-and MNP-loaded PLGA NPs (Tfmodified PTX-MNP-PLGA NPs) Tf-modified PTX-and MNP-loaded PLGA NPs (Tf-modified PTX-MNP-PLGA NPs) were prepared based on a reported procedure [25, 29, 30] . Tf solutions were first prepared in RingerHepes buffer (pH=7.4, containing 1.8 mmol/L CaCl 2 , 5.6 mmol/L KCl, 0.8 mmol/L MgSO 4 , 0.8 mmol/L NaH 2 PO 4 , 116 mmol/L NaCl, 25 mmol/L HEPES and 5.5 mmol/L D-glucose) at different concentrations ranging from 0.2 to 1.0 mg/mL. Then, 30 mg of PTX-MNP-PLGA NPs was added to the above solutions, and the samples were moderately shaken at room temperature for 3 h. Lastly, the sample was ultra-filtered to remove free Tf, washed and lyophilized. Tfmodified CM-MNP-PLGA NPs were also prepared in a similar manner. The amount of Tf adsorbed on the surface of PLGA NPs was determined using a BCA Protein Assay Kit (Thermo Fisher Scientific, Inc, Rockford, IL, USA).
Characterization of PLGA NPs
The PLGA NPs were characterized by visualizing their morphology via transmission electron microscopy (TEM, Tecnai G2 F20, FEI Company, Hillsboro, OR, USA) with a resolution of 0.14 nm for lattice images and 0.25 nm for point images, measuring their hydrodynamic size via dynamic light scattering (DLS, 90Plus Particle Size Analyzer, Brookhaven Instruments Corp, Holtsville, NY, USA), analyzing their magnetic properties via vibrating sample magnetometry (VSM, EV7, MicroSense, LLC, Lowell, MA, USA), and examining their thermal stability via thermogravimetric analysis (TGA, DTG-60H, Shimadzu Corp, Kyoto, Japan). The surface functional groups of the samples were analyzed by Fourier transform infrared spectroscopy (FTIR, Excalibur FTS 3500GX, Bio-Rad Laboratories, Inc, Cambridge, MA, USA).
Encapsulation efficiency
The encapsulation efficiency of PTX in PLGA NPs was determined by high-performance liquid chromatography (HPLC, 1200 Series, Agilent Technologies, Inc, Santa Clara, CA, USA). Briefly, 2 mg of sample was dissolved in 1 mL of DCM to extract PTX from PLGA NPs in triplicate. After solvent evaporation, the residue was re-dissolved in 1 mL of mobile phase (70:30 ACN to H 2 O ratio), and the solution was filtered through a 0.2-µm syringe filter before analysis by HPLC using a C18 column. The mobile phase was delivered at a rate of 1 mL/min. A total of 100 µL of the sample was injected by an auto-sampler, and the column effluent was measured at 227 nm using an ultraviolet (UV) detector. The column was maintained at 25 °C. PTX samples of standard concentrations were used to produce the calibration plot. The encapsulation efficiency of PTX was calculated as the percentage of the initial amount of PTX used that was entrapped in the PLGA NPs.
In vitro drug release
For each batch of PTX-MNP-PLGA NPs, approximately 10 mg of sample was suspended in 20 mL of PBS with 0.05% (w/v) Tween 80 in triplicate. The samples were incubated at 37 °C and continuously shaken at 150 rounds per minute. The supernatant was removed at designated time points and replaced with fresh PBS to maintain constant pH and sink conditions. To determine the amount of PTX, the drug was extracted from the supernatant using DCM. After the DCM was evaporated, the residue was re-dissolved in 1 mL of mobile phase (70:30 ACN to H 2 O ratio). Finally, the solution was filtered through a 0.2-µm syringe filter before analyzing with HPLC.
Cell culture and maintenance MCF-7 is a breast cancer cell line (ATCC Number: HTB-22
derived from a 69-year-old Caucasian woman. U-87 MG is a glioblastoma, astrocytoma cell line (ATCC Number: HTB-14 TM ) derived from the malignant glioma of a 44-year-old Caucasian man. All cells were incubated at 37 °C and 5% CO 2 . The medium used for cell culture was Dulbecco's modified Eagle's medium (DMEM) (Gibco, Life Technologies Corp, Carlsbad, CA, USA) supplemented with 1% penicillin-streptomycin (PS) (PAN-Biotech GmbH, Aidenbach, Germany) and 10% fetal bovine serum (FBS) (HyClone, Thermo Fisher Scientific, Inc, Logan, UT, USA).
In vitro cytotoxicity
The cytotoxic effects of Tf-modified PTX-MNP-PLGA NPs, Tfmodified PTX-MNP-PLGA NPs with free Tf, PTX-MNP-PLGA NPs and free PTX were examined in MCF-7 and U-87 cells. Briefly, cells were cultured in 96-well plates at 5×10 3 cells per well for 24 h before treating them with different concentrations of Tf-modified PTX-MNP-PLGA NPs, Tf-modified PTX-MNP-PLGA NPs with free Tf, PTX-MNP-PLGA NPs and free PTX. For Tf-modified PTX-MNP-PLGA NPs with free Tf, free Tf was added together with the drug-loaded NPs to the cells. The cell viability was then measured 24 and 96 h after treatment using a CellTiter 96 ® Non-Radioactive Cell Proliferation Assay (Promega Corp, Madison, WI, USA). The cells were rinsed with PBS before adding 100 µL of fresh culture medium and 15 µL of dye solution. The plates were further incubated for 4 h. Then, 100 µL of solubilization solution was added to the cells, and the plates were gently shaken at room temperature for 24 h. The absorbance of the sample was measured with six replicates using a spectrophotometer at 570 nm with a reference wavelength of 630 nm.
Internalization pathway of nanoparticles
Qualitative intracellular uptake study For the qualitative study tracking the cellular uptake of drugloaded PLGA NPs, cells were cultured in 24-well plates with glass cover slips at 5×10 4 cells per well for 24 h before they were treated with Tf-modified CM-MNP-PLGA NPs, Tf-modified CM-MNP-PLGA NPs with free Tf, CM-MNP-PLGA NPs or free CM at a concentration of 100 µg/mL. The cells were then prepared for confocal imaging 2 and 8 h after treatment. The cells were rinsed with PBS and fixed with a 70% cold ethanol solution at room temperature for 20 min. The cells were then rinsed with PBS three times before staining with Hoechst dye (1 µg/mL) for 45 min. Finally, the cells were again rinsed with PBS three times. The cover slips with attached cell monolayers were inverted with the cell layer face down onto microscope slides and visualized using a Fluoview FV1000 laser scanning confocal microscope (Olympus Corp, Tokyo, Japan), with the corresponding confocal images captured by Olympus Fluoview software.
Quantitative intracellular uptake study For the quantitative study to determine the intracellular CM level from the cellular uptake of drug-loaded PLGA NPs, cells were cultured in 24-well plates at 5×10 4 cells per well for 24 h before treating them with Tf-modified CM-MNP-PLGA NPs with a magnetic field, Tf-modified CM-MNP-PLGA NPs, Tfmodified CM-MNP-PLGA NPs with free Tf, CM-MNP-PLGA NPs or free CM at a concentration of 100 µg/mL. For Tfmodified CM-MNP-PLGA NPs with a magnetic field, the cells treated with drug-loaded PLGA NPs were subjected to 0.1 T neodymium-iron-boron permanent magnets (Master Magnetics, Inc, Castle Rock, CO, USA) placed externally under each well. Following 2 and 8 h of treatment, the cells were rinsed with PBS, lysed with 200 µL of 0.5% (w/w) Triton-X 100 in 0.2 mol/L NaOH solution [31] , and shaken for 15 min. The fluorescence intensity of the sample was measured by a microplate reader at excitation and emission wavelengths of 430 and 505 nm, respectively. The fractional amount of CM within For the quantitative study on determining the intracellular PTX level from the cellular uptake of drug-loaded PLGA NPs, cells were cultured in 24-well plates at 5×10 4 cells per well for 24 h before treating them with Tf-modified PTX-MNP-PLGA NPs with a magnetic field, Tf-modified PTX-MNP-PLGA NPs, Tf-modified PTX-MNP-PLGA NPs with free Tf, PTX-MNP-PLGA NPs or free PTX at a concentration of 100 µg/mL. Following 2 and 8 h of treatment, the medium from each well was collected. Cells were rinsed with PBS to remove surfacebound PLGA NPs or free PTX, and the PBS was also collected. The two solutions were combined, and ZnSO 4 was added to precipitate the protein. The suspension was vortexed for 5 min before adding DCM to extract PTX. The mixture was vortexed and kept at room temperature for 1 h. The DCM was evaporated before re-dissolving the drug in 1 mL of mobile phase (70:30 ACN to H 2 O ratio). The solution was then filtered through a 0.2-µm syringe filter before analysis with HPLC to evaluate the amount of PTX that was not taken up by the cells (A). Cells were treated with trypsin, extracted, and centrifuged at 5000 rounds per minute for 15 min. The supernatant was removed, and ZnSO 4 was added to it. DCM was then added to extract PTX. The DCM was evaporated before re-dissolving the drug in the mobile phase. The solution was then filtered and analyzed using HPLC to evaluate the amount of PTX within the cells (B). The fractional amount of PTX within the cells (X) was calculated as the amount of PTX within the cells (B) divided by the total amount of PTX (A+B).
Results
Morphology of MNP-PLGA NPs TEM images of MNP-PLGA NPs with different loadings of OA-MNP are shown in Figure 1 . OA-MNP had been successfully encapsulated into PLGA with 5% OA-MNP or less (Figure 1A, 1B and 1C ) through hydrophobic interactions using the solid-in-oil-in-water solvent evaporation method. By contrast, the PLGA NPs loaded with 15% OA-MNP showed significant aggregation of MNP, which could be attributed to a higher loading amount and a stronger magnetic interaction between iron oxides ( Figure 1D with insert) . The MNP-PLGA NPs were nearly spherical with an average size of approximately 150±20 nm. When the Tf concentration used was 1.0 mg/mL, the average size of Tf-modified PLGA NPs measured by DLS was approximately 464.6 nm with a polydispersity index of 0.057 ( Figure 2D ). This formulation will be used for in vitro studies. The zeta potentials were -28.07±1.59 mV and -20.10±1.26 mV for the MNP-PLGA and Tf-modified MNP-PLGA NPs, respectively. To study their stability, the changes in the zeta potentials of these NPs incubated in PBS (pH 7.2) were measured a few times over 96 h. The results indicated that the zeta potentials of MNP-PLGA NPs with and without Tf were stable, though there was a decrease after modification with Tf (data not shown).
Magnetic properties of MNP-PLGA NPs
To investigate the magnetic properties of MNP-PLGA NPs, magnetization measurements were made using a VSM. The curves in Figure 2A to 2C showed no remnant magnetic field and coercivity, indicating the presence of superparamagnetism in all the samples. The saturation magnetization (Ms) values of MNP, OA-MNP and MNP-PLGA NPs were 88.03, 81.99 and 10.85 emu/g, respectively (Figure 2A) . The Ms value of as-synthesized Fe 3 O 4 was 92 emu/g (95% of its bulk value), which might be due to its high specific surface area [32] . Owing to the non-magnetic nature of OA and PLGA, the Ms values of OA-MNP and MNP-PLGA NPs were lower than that of MNP (Figure 2A) . The Ms value of MNP-PLGA NPs increased with MNP loading in PLGA ( Figure 2B ). After MNP-PLGA NPs were modified with Tf, the Ms value ( Figure 2C ) was still higher than the reported value of 2 emu/g [33] . Figure 3A shows ond stage from 320 to 520 °C because of the removal of the OA monolayer from the OA-MNP. The weight loss profiles for MNP and OA-MNP were consistent with reported results [27, 32] . The TGA thermogram of MNP-PLGA NPs showed approximately 94.3% weight loss from 250 to 400 °C, possibly because of the loss of surface hydroxyl groups and OA and to PLGA degradation. Since a total of approximately 14.5% weight loss was observed for OA-MNP, the remaining 79.8% weight loss could arise from PLGA degradation. The TGA thermogram of Tf-modified MNP-PLGA NPs showed a weight loss of approximately 96.3%. The difference in weight loss between the MNP-PLGA NPs and Tf-modified MNP-PLGA NPs could be associated with the presence of Tf on the surface of the PLGA NPs.
TGA thermograms of MNP-PLGA NPs
The presence of Tf on the surface of PLGA NPs was determined using a BCA Protein Assay Kit ( Figure 3B ). Here, Tf solutions of various concentrations, ranging from 0 to 1.0 mg/mL, were prepared and used to modify MNP-PLGA NPs. Successful modification of PLGA NPs with Tf was apparent based on the increased absorbance reading for Tf-modified MNP-PLGA NPs prepared with increased Tf concentrations. Figure 4 shows the FTIR spectra of MNP, OA-MNP and MNP-PLGA NPs. For MNP, the absorption band observed at 582 cm -1 may be attributed to Fe-O. The absorption band at 3412 cm -1 is the characteristic band for O-H vibrations and indicates the presence of ferric hydroxide in the MNP. For OA-MNP, the absorption bands at 1416 and 1520 cm -1 are due to the symmetric and asymmetric stretching vibrations of -CH 3 , respectively. The absorption bands at 2830 and 2920 cm -1 are due to the symmetric and asymmetric stretching vibrations of -CH, respectively. Owing to the interaction between PLGA and OA-MNP, the symmetric vibrations of -CH for MNP-PLGA NPs were shifted to 2950 and 3010 cm -1 . These observations are consistent with reported results [32] .
FTIR spectra of MNP-PLGA NPs
Encapsulation efficiency and drug release
The encapsulation efficiency and drug release of PTX for MNP-PLGA NPs with and without Tf modification were studied (Table 1) . Here, the Tf-modified PTX-MNP-PLGA NPs were synthesized with a Tf concentration of 1.0 mg/mL. The encapsulation efficiencies of PTX in MNP-PLGA NPs with and without Tf modification were 82.9% and 87.3%, respectively. The release profiles of PTX from MNP-PLGA NPs with and without Tf modification were observed to be similar ( Figure  5 ). More than 80% of the drug was released within a period of 10 d. The release of PTX from PLGA NPs followed a biphasic profile, with a rapid drug release rate during the initial phase of incubation followed by a slow release.
In vitro cytotoxicity
The in vitro cytotoxicity of drug-loaded NPs in MCF-7 and U-87 cells was examined to determine their therapeutic efficiency ( Figure 6 ). Here, PTX was selected as the model drug to evaluate the potential of Tf-modified MNP-PLGA NPs as a tumor-targeting nanocarrier for hydrophobic drugs [34, 35] . For both MCF-7 and U-87 cells, the Tf-modified PTX-MNP-PLGA NPs showed the highest cytotoxicity effect, followed by Tfmodified NPs with free Tf, unmodified NPs and free PTX ( Figure 6 ). Compared to the unmodified NPs, the Tf-modified PTX-MNP-PLGA NPs enhanced cellular uptake and increased cell cytotoxicity. However, in the presence of free Tf, the Tfmodified PTX-MNP-PLGA NPs showed a lower cytotoxicity effect. This may be attributed to the competition between Tfmodified PLGA NPs and free Tf for cellular uptake, which would in turn lower the cytotoxicity of Tf-modified PLGA NPs. Finally, the free PTX showed the lowest cytotoxicity effect relative to other NP formulations. In this case, the drugresistant tumor cells could prevent intracellular accumulation of the free drug despite the high drug concentration used.
In vitro cellular uptake
The cellular uptake of drug-loaded NPs in MCF-7 and U-87 cells was examined by laser scanning confocal microscopy ( Figure 7 and 8) . To visualize the drug distribution within the cells, PTX was replaced by CM. Overall, CM was found mainly in the cytosol and around the nucleus, indicating that CM-MNP-PLGA NPs were successfully taken up by the cells. Cells treated with Tf-modified CM-MNP-PLGA NPs showed greater fluorescence intensity than those treated with free Tf, unmodified NPs or free CM. Thus, Tf-modified NPs could lead to higher cellular uptake and hence greater drug accumulation. These confocal images are consistent with the cytotoxcity results reported earlier.
To support the qualitative analysis from the confocal images, the cellular uptake of drug-loaded NPs was quantified by measuring the percentage of drug internalized by the cells (Figure 9A and 9B) . For both MCF-7 and U-87 cells, the uptake of CM or PTX was the highest for Tf-modified MNP-PLGA NPs, further verifying that the presence of Tf on the surface of PLGA NPs can trigger receptor-mediated endocytosis and result in enhanced intracellular delivery of drugs [36] . The cellular uptake of drug-loaded NPs was also quantified in the presence of an applied magnetic field ( Figure 9C ). The cellular uptake efficiency of MNP-PLGA NPs seemed to be slightly greater in the presence of a magnetic field than in a non-magnetic condition; however, this effect did not reach statistical significance.
Discussion
Polymeric NPs modified with targeting ligands have attracted significant attention in the biomedical field because of their ability to enhance intracellular delivery and provide sustained drug release [37, 38] . Since the efficacy of chemotherapy is severely hindered by low drug accumulation in tumor cells, Tf-modified PLGA NPs that target the Tf receptors of tumors could improve the treatment of cancer. In this study, PTX (a potent antineoplastic agent) and MNP (for magnetic fieldmediated delivery) were loaded into PLGA NPs via a solidin-oil-in-water solvent evaporation process (Scheme 1A). Magnetically targeted nanodrug delivery systems have great potential for precise delivery of drugs under an applied magnetic field. Here, the MNP-PLGA NPs exhibited a superparamagnetic property (Figure 2A-2C) , which was good enough to orient them to the target site and enhance the cellular uptake efficiency via an applied magnetic field. In other words, the Tf-modified magnetic PLGA NPs could have some advantages through their delivery of chemotherapeutics to the target location in the body and, consequently, reducing normal tissue toxicity.
To improve the stability of the system, amphiphilic PVA was added to stabilize the emulsified droplets by minimizing the coalescence and aggregation of newly formed NPs in the aqueous phase during the synthesis process. Moreover, amphiphilic PVA could enhance the encapsulation of MNP into the polymeric nanoparticles via hydrophobic interactions. It has also been reported [39, 40] that the concentration of PVA could influence the size of the NPs during preparation via the emulsion solvent evaporation method. However, as seen from TEM images, the NPs showed negligible particle size difference after using a high concentration [4% (w/v)] and a low concentration [2% (w/v)] of PVA solution (Figure 1) . The surface of MNP-PLGA NPs was also modified with Tf via adsorption (Scheme 1B), and the presence of Tf was verified ( Figure  3B ). Surface modification of MNP-PLGA NPs with Tf did not significantly influence the encapsulation efficiency and drug release profile.
The effective cytotoxicity of Tf-modified MNP-PLGA NPs mainly depended on the amount of encapsulated chemotherapeutic drugs, the release behaviors of the encapsulated chemotherapeutic drugs and the cellular uptake efficiency. First, the Tf-modified MNP-PLGA NPs showed a similar encapsulation efficiency for PTX as the unmodified NPs, which was helped to some extent by a high drug concentration. Second, the release of PTX from Tf-modified MNP-PLGA NPs exhibited a two-phase pattern: an initial rapid release in the first 4 d, followed by a relaxed slow release in the following days. The releasing property could depend on three dominating mechanisms: diffusion, swelling and degradation. Both the structure and size of the PLGA NPs could also impact the release profile. Third, drug-loaded NPs with Tf as the targeting ligand can enhance cellular uptake, provide greater internal drug release and promote a higher cytotoxicity effect (Scheme 1C) [35, 41] . The results indicated that the Tf-modified PTX-MNP-PLGA NPs exhibited the highest cytotoxicity effect, followed by the Tf-modified NPs with free Tf, the unmodified NPs and the free PTX ( Figure 6 ). The cellular uptake of drug-loaded NPs in MCF-7 and U-87 cells was examined by laser scanning confocal microscopy ( Figure 7 and 8) . The Tf-modified CM- (Figure 9A and 9B) . The cellular uptake efficiency of MNP-PLGA NPs seemed to be slightly greater in the presence of a magnetic field than in a non-magnetic condition; however, the difference was not statistically significant ( Figure  9C ). These Tf-targeting carriers could achieve higher cellular uptake efficiency, mainly because of their recognition of Tf receptors that are overexpressed in MCF-7 breast cancer and U-87 glioma cells [42] . Moreover, Tf could surmount the drug resistance owing to membrane-associated drug resistance proteins such as P-glycoprotein [43] .
Conclusions
In this study, Tf-modified MNP-PLGA NPs were successfully synthesized and characterized, and their cellular uptake efficiencies in MCF-7 breast cancer and U-87 glioma cells were demonstrated through receptor-and magnetic field-mediated delivery. Compared to unmodified NPs or free PTX, Tfmodified PTX-MNP-PLGA NPs demonstrated the highest cellular uptake efficiency and greatest antiproliferative effect on MCF-7 and U-87 cells. Overall, Tf-modified MNP-PLGA NPs are suitable drug carriers for the treatment of cancer.
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